Purpose: To assess the difference in the evolution of implant stability values, determined by resonance frequency analysis (RFA), between two groups of implants subjected to two different loading protocols: immediate and delayed.
| INTRODUCTION
Bone, as the supporting tissue of vertebrates, has adapted over millions of years of evolution to the weight determined by the gravitational pull of the Earth and the function of movement allowed by it. The classic studies of Galileo Galilei (Animalium Motibus) and Wolff have theorized about the influence of stress and strain in the form and structure of bones. 1 The mechanobiology of bones is closely related to the function of a bone cell, the osteocyte, and its ability to communicate with other bone cell lines by certain cytokines. In sum, the osteocyte is activated by changes in the flow of canalicular fluid within which its cytoplasmic processes are contained, in response to deformations of the extracellular bone matrix resulting from loading. This activation promotes the release of different mediators (prostaglandin E2, osteoprotegerin, sclerostin, and nitric oxide) that can generate different anabolic or catabolic responses by inhibiting or stimulating the function of other bone cells: osteoblasts and osteoclasts. 2 In short, beyond homeostatic targets, bone remodeling is activated depending on loading, either by default or in response to excess microdamage, fulfilling a double function: weight control, by eliminating areas of bone without loading stimulation, and repair of accumulated damages, preventing stress fractures. 3 Bone remodeling is a coupled process of resorption and apposition characterized by the role of bone multicellular units (osteoclastic resorption front, osteoblastic apposition front, and compartment containing blood vessels and pericytes). 4 The jaws are not unrelated to this behavior. The load supported by the jaws results from chewing. Chewing forces, as a vector unit, are described based on their magnitude and direction. Most authors argue that chewing mainly imposes vertical forces on teeth and generates horizontal forces due to the horizontal movement of the mandible and the inclination of tooth cusps. 5 In this sense, several authors have experimentally studied the maximum bite force, having found values between 200 and 2440 N for the axial component and 30 N for the lateral component. 6, 7 Dental implants and the crowns attached to them are an effective and predictable method for functional and aesthetic restoration after tooth loss. Several studies have shown that implants support forces of direction and mostly magnitude equal to or even greater than those supported by teeth. 8, 9 However, an identical biomechanical behavior of tooth and implant should not be expected. The tooth has a precise mechanoreception system with a passive detection threshold of 2 g
and an active one of 20 μm, compared to an implant with 100 g and 50 μm, respectively. 10 Tooth mechanoreception is based, although not exclusively, on the mechanoreceptors of the periodontal ligament, which is a specialized connective tissue functioning as a true shock absorber of the stress transferred by masticatory forces. 11 For its part, the implant lacks a ligament, and its direct connection with bone is the result of a process of osseointegration.
Osseointegration can be considered a type of direct or primary healing, in which a woven bone scaffold, closely associated with an expanding vascular network, invades the granulation tissue derived from the initial blood clot. For this reason, it has been considered that the process shares many prerequisites with primary fracture healing, such as fitting (anatomical reduction), primary stability (stable fixation), and adequate loading during the healing period. 11 Indeed, several animal model studies have determined that the lack of mechanical stabilization of the edges of a bone fracture can lead to healing failure, characterized by the interposition of fibrous tissue, which is caused by the lack of stability affecting the neovascularization process. 12 Most likely, according to this reason, the original Brånemark protocol required that the implant should not be loaded immediately after inserting the implant into the jaw, waiting until the 6th month of integration. Although this time has been reduced until the 8th week with surface modifications or even the 6th week with the advent of osteoinductive surfaces, in practice, the same process continues to be observed in most rehabilitation. 13 However, science has
shown that other procedures that do not respect this fact can also be successful, such as immediate loading; that is, the one in which the implant and implant-supported prosthesis are immediately placed in function 14 or even immediate loading of single units after extraction. 15 The theory that mechanical instability and inadequate loading affect bone healing is not proven wrong by these studies, as they only show that the process can be successful under more demanding mechanical conditions, as long as they do not exceed the biological threshold. In addition, although these procedures may seem riskier, they may hide a benefit: conventional loading protocols, in which the prosthesis is placed several months after implant placement when it is already osseointegrated, force bone to undergo subsequent remodeling, reorienting the bone according to the load supported, based on inflammatory processes. 16 This evolution of the osseointegration of an implant, beginning with its insertion into the bone and given that its primary stabilization is exclusively mechanical, moving through the secondary stabilization experienced after the apposition of bone on its surface, can be monitored in a noninvasive way by means of resonance frequency analysis (RFA). The resonance frequency of a certain structure is an intrinsic physical property that has a correlation with the elastic properties and the mass of that structure. 18 and having a direct linear correlation with implant micromotion before functional loading. 19 It can be explained that as the process of integration of the implant takes place, bone apposition on the titanium surface will change the contour of the implant and thus its natural frequency of vibration. Not only that but also the histological modifications (the shift from woven bone to lamellar bone-a result of the adaptation to load) should also be taken as changes in vibration and ultimately in ISQ values, on the basis that they will necessarily determine modifications of the elastic response or even bone mass around the implant.
The objectives of this retrospective clinical study are to assess and compare changes in primary and secondary stabilization between implants subjected to two types of loading, immediate and delayed, using RFA.
This study also aims to examine the evolution of implant stability in the study sample, using the same method of analysis, after prosthetic loading of the definitive crown, which is evidenced by a computerized occlusal analysis.
| MATERIALS AND METHODS

| Study design and patient data
The study was designed as a retrospective clinical study, based on data collected on the rehabilitated implants in a private dental clinic (Reyes de Navarra, Vitoria-Gasteiz, Spain) during one full calendar year (2016), always performed by the same operator (surgery and rehabilitation). The follow-up period was 12 months after loading for all cases. This is an observational, noninterventionist study, so it did not require acceptance by any ethics committee.
| Inclusion criteria
• Medically healthy adult (American Society of Anesthesiologists classification I-II)
• Age ≥ 20 years old
• Good oral hygiene (full-mouth plaque score and full-mouth bleeding score S ≤ 25%).
| Exclusion criteria
• Heavy smokers (>10 cigarettes per day)
• Rehabilitated implants with overdentures
• Immediate implants
• Implants with immediate provisionalization but with delayed loading
• Implants placed with simultaneous guided bone regeneration
• Implants rehabilitated with a cemented prosthesis
• Patients who did not attend their follow-up appointments.
The reason for the exclusion of overdentures is that, in theory, implants are only subjected to traction during denture removal, and it is difficult to predict any significant loading during mastication.
The exclusion of immediate implants placed in postextraction sites and implants placed with simultaneous bone regeneration responds to the risk of introducing confounding factors in the evaluation of the results, because the integration process is hardly comparable in these procedures with regard to time, stabilization, and histology to that of an implant placed in mature bone.
Likewise, implants rehabilitated with an immediate prosthesis but without function, for example, single implants placed in the aesthetic region, were also excluded because it is not very clear whether they should be included in the delayed or immediate loading group. Immediate provisionalization is done without leaving occlusal contacts in maximum intercuspidation or excursion movements, although we are unable to control other loading factors, such as food chewing, tongue thrust, and labial pressure, we excluded these cases to eliminate these confounding factors.
We also excluded implants rehabilitated by cemented prostheses, because this retention method makes it difficult to remove the prosthesis to measure the ISQ at 6 and 12 months.
Finally, heavy smokers were excluded, because tobacco can negatively influence vascularization and bone remodeling around the implant, and we also excluded patients who did not attend their corresponding follow-up and maintenance appointments at 6 and 12 months.
During the period considered, a total of 153 implants were placed in 70 patients. However, 60 implants corresponding to 32 patients were removed based on the exclusion criteria of the study, leaving a total of 93 implants placed in 38 patients. Regarding the implant model used, 44 (47.3%) were Essential Cone implants and 49 (52.7%)
were Vega implants (Klockner Implant System, Madrid, Spain). All patients provided their written consent to participate in this research.
The experiments were undertaken with the understanding and written consent of each subject and according to the World Medical Association Declaration of Helsinki.
| Test groups
Cases were divided according to the loading protocol adopted. Group A included cases in which a delayed loading protocol was followed 
| Data acquisition and follow-up
The stability of each implant was measured at the following four times throughout the study:
• T0: Implant placement (mechanical stability)
• T1: Placement of the definitive prosthesis
• T2: 6 months after loading
• T3: 12 months after loading.
Implant stability was measured using a Penguin RFA device (Integration Diagnostics Sweden AB). Measurements were always FIGURE 1 Design of the two types of implants used in the study taken by the same operator, with the same device and the same multipeg, and always in the vestibular-lingual direction ( Figure 3 ).
| Data analysis
A statistical analysis of the data was performed using descriptive and inferential statistical techniques. Continuous variables were expressed as the mean values and SDs, whereas for categorical variables, the number of cases and the relative percentages were used. The normality of the continuous variables was analyzed using the Shapiro-Wilk test. Given its lack of normality, the comparison between categories was made using the Mann-Whitney U test, which takes as a null hypothesis the equality of medians between groups. Finally, the com- 
| RESULTS
First, no statistically significant differences were found with respect to stability values and their evolution between the two different types of implants under study when they belonged to the same loading protocol (P > 0.05); thus, they were analyzable only based on the protocol and not on implant type.
In group A (delayed loading), a total of 65 implants were placed in Whitney U test was applied to check whether there were statistically significant differences between groups (immediate loading vs delayed loading) in the median value of the ISQ variable ( Table 2) . The results, summarized in Table 3 , show the existence of statistically significant differences for the four time points considered. FIGURE 2 Checking occlusal adjustment and load distribution using a T-scan device FIGURE 3 Clinical image of stability measurement using the Penguin RFA device Finally, Table 3 shows the increase in the mean and percentage of the ISQ value both in delayed loading and immediate implants. As shown in this table, the greatest absolute increase for delayed loading implants occurred between T1 and T2, whereas for immediate loading implants, it occurred between T0 and T1. Likewise, these time points also correspond to the largest percentage increases.
| DISCUSSION
The results of our study show in a statistically significant way that implant ISQ tends to increase after the application of masticatory functional loading during the first year of function, which constitutes the follow-up of this study. Furthermore, this can be explained as a mechanism of bone adaptation to the strain resulting from the conversion of woven bone (primarily bone apposition on titanium and poorly load-oriented) into biomechanically more efficient lamellar bone, as some animal model studies have shown. 20 The results obtained in our retrospective clinical trial coincide with the results of other previously published studies, which, although not sharing our objective, also measured implant stability by means of RFA at prosthesis insertion, as well as after 6 and/or 12 months of loading.
This is the case of the study by Sjöstrom and colleagues, who for 6 months monitored the stability of 212 Brånemark implants placed in regenerated bone, using 10 implants as a control in mature bone.
Implant stability in the study group was 61.5 AE 9.0 ISQ at placement and 62.5 AE 5.2 after 6 months of loading, whereas in the control group, the initial stability was 58.5 AE 4.7 ISQ and it was 63.0 AE 5.6 after 6 months of loading, which implies an increase of 1.63% and 7.69% in the ISQ, respectively, after the loading period. 21 It should be noted that the mean values of stability obtained in this study are significantly lower than ours. This fact might be because in the Sjöstrom study, implants were placed in the edentulous maxilla, which, although in the case of the controls did not require a regeneration technique, suggests the presence of low-density bone, type IV according to the classification of Lekholm and Zarb. 22 In contrast, in our study, implants placed in regenerated areas were excluded, whereas cases in the lower jaw were included with type I and type II bones. Several studies have shown a directly proportional relationship between bone density and primary stability, [23] [24] [25] which justifies the values significantly lower than those in our study. Another explanation may lie in the implants used in both studies. Although Sjöstrom and colleagues used a parallel-walled implant (Brånemark MKII), implants included in our study present a more conical design (Klockner Essential Cone, Klockner Vega; Klockner Implant System), which provides greater primary stability. 26, 27 Another variable possibly related to this difference is the milling protocol followed, 28 which can also influence stabilization and, in our case, corresponded strictly to that recommended by the manufacturer (Klockner Implant System) without over-or undermilling of the implant bed in height or width. Nevertheless, it should be noted that when stability increments implemented after 6 months of loading were reviewed, we observed similar results in the control group of Sjöstrom and colleagues (7.69%) and in our conventional loading group (5.30%), both groups being of comparable characteristics due to protocol homogeneity.
Similar results can be observed in the clinical study of Degidi and colleagues, in which the 6-and 12-month stability of 63 implants placed with prior sinus elevation (group A) and 17 implants placed in mature bone or postextraction alveoli (group B) was analyzed. The mean ISQ was 62.12 AE 10.62 for group A and 61.41 AE 10.14 for group B at implant placement. 29 The mean ISQ was 66.0 AE 7.7 after 6 months of loading and 70.0 AE 5.9 after 12 months of loading for group A, and 61.5 AE 10.5 after 6 months and 66.7 AE 4.5 after 12 months for group B. This represents an increase in the ISQ of 6.24% after the first 6 months of loading in group A and 0.15% in group B, increasing these percentages after the 12-month period (12.69% and 8.61%, respectively). 30 As in the study by Sjöstrom and colleagues, mean primary stability was significantly lower than ours.
The reason could be that implants in the study group were placed in the maxilla needing sinus elevation, which demonstrates lower density and poor bone availability. On the other hand, in the control group, although sinus elevation was not required, immediate implants placed in postextraction alveoli were included, 31 which hinders achieving good primary stability. This also justifies that the SD of the results is wide. However, the great difference with respect to our results is that the authors find the greatest increases in ISQ values between 6 and 12 months after loading, instead of the first 6 months. This difference must be explained by the particular design of the study by Degidi and colleagues, evaluating two groups but, in reality, three conditions: mature bone, postextraction bone, and regenerated sinus. The last two can hardly be compared with our sample when the postextraction has a gap to regenerate and the sinus a xenograft whose substitution rate is scarce. Both situations must strongly influence the biomechanical behavior of peri-implant bone.
Finally, the study of Dottore and colleagues analyzed the stability of 42 implants placed in an augmented posterior mandible after alveolar osteotomy after 6 and 12 months of loading. The authors reported ISQ values of approximately 75 at placement, 76 after 6 months of loading, and 75 after 12 months. 32 These results are similar to those obtained in our study; however, this article does not clearly express its results regarding ISQ variation, which makes it difficult to compare them with those of our study.
A substantial difference between these three studies and ours is the RFA instrument used to measure stability. Although these studies used an Osstell ISQ device (Ostell, Gothenburg, Sweden), we use Penguin RFA (Integration Diagnostics Sweden AB). However, the use of a different instrument should not make a difference in the measurement results, because both devices use the same standardized measurement unit, the ISQ. In any case, even if the absolute values of both devices could not be compared, the evolution of these values, which is the key of our study, is comparable between systems.
Our study also has the particularity of assessing and comparing the evolution of stability according to the loading protocol, for which the most clinically significant results were obtained. in patient comfort and satisfaction, but is also possible and predictable. The results also show that in the delayed loading implant, bone adaptation should be expected as soon as it is rehabilitated, and this process will be mediated by inflammation. Indeed, the process of remodeling that is activated will be mediated by the release of mesenchymal cells (PDGF and BMP) and certain substances that induce inflammatory signals (TNF, COX2, and NO) and affect osteoclastic differentiation (RANKL, OPG, and MCSF). 16 The consequence will be an adaptation of the mass and structure of the primary arrangement of 36 Based on this assumption, the theory of the elastic response modification based on an efficient reorientation of bone trabeculae as an abutment acquires weight. However, it must be admitted that this is precisely a limitation of our study, which shows the difference in the contour conditions of peri-implant bone due to loading and depending on its timing, but because of its design, it is not capable to determine whether this is due to one or another assumption (BIC or modification of the elastic response). For this purpose, a histomorphometric analysis would be necessary, either by histology or especially using micro-CT, both in animal model tests due to ethical reasons. Again, the explanation is probably that the lost bone level did not recover, but a biomechanical adaptation of the remaining crestal bone was achieved.
| CONCLUSIONS
Despite the aforementioned limitations of this study, the results obtained allow us to infer the following conclusions:
• The functionalization of dental implants through the placement of implant-supported fixed prostheses increases their stability, measured in ISQ values by means of RFA.
• The increase in ISQ values is greater during the months immediately following loading. In cases of immediate loading, the greatest increase occurs in the first weeks after implant placement during the integration process, whereas in cases of delayed loading, the greatest increase occurs once the implant is finished and after prosthesis placement.
• This increase in stability may be because the biomechanical stimulus exerted by occlusion provokes a disposition and distribution of function-oriented peri-implant bone trabeculae, in such a way that they favor efficient load transmission to the supporting bone and facilitate stress dissipation.
• It is demonstrated that immediate or early loadings are not only possible but can also be beneficial to achieve a faster increase in implant stability in order to promote bone apposition on the surface of the implant oriented to the load from the moment of its placement and thus avoiding subsequent remodeling processes that may be accompanied by unwanted inflammatory events.
• Histological studies are needed to demonstrate this theory and explain the process of bone remodeling that occurs around the implant when it is under load.
